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NCDATA - Nuclear Co l l i s ion  Data f o r  Nucleon-Nucleus 

Co l l i s ions  i n  t h e  Energy Range 25 t o  400 MeV 

R .  G. A l s m i l l e r ,  Jr. and J. Barish" 

Ab s t r a c  t 

A computer code w r i t t e n  i n  FORTRAN I V  i s  descr ibed  which i n t e r p o l a t e s  

between a n a l y t i c  f i t s  t o  intranuclear-cascade d a t a  and g ives  for e i t h e r  

neut rons  or protons ,  i n  t h e  energy range 25 t o  400 MeV, i n c i d e n t  on a nuc- 

l e u s  of atomic weight A (between 12 and 238):  

1. t h e  none la s t i c  c ross  sec t ion  as a func t ion  of energy, 

2.  t h e  cascade neutron- and proton-emission s p e c t r a  i n  

t h e  angular  i n t e r v a l s  0-30°, 30-60°, 6O-goo, and 90-180°, 

3. t h e  evaporat ion neutron- and proton-emission s p e c t r a  

(assumed i s o t r o p i c ) ,  and 

t h e  cascade neutron- and proton-emission s p e c t r a  i n t e g r a t e d  

over a l l  angles .  

4. 

I n  a d d i t i o n  t o  numerical  va lues  for each of t h e s e  q u a n t i t i e s ,  t h e  code a l s o  

g ives  t h e  va lues  of t h e  c o e f f i c i e n t s  t h a t  occur i n  an a n a l y t i c  express ion  

f o r  each of t h e s e  q u a n t i t i e s .  

*Computing Technology Center ,  Union Carbide Corporat ion,  Oak Ridge, 
Tennessee. 
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I. INTRODUCTION 

Using an intranuclear-cascade model, H .  W .  B e r t i n i  has  genera ted  

a l a r g e  amount of d a t a  on t h e  none la s t i c  c ross  s e c t i o n  and t h e  energy 

and angular d i s t r i b u t i o n s  of emi t ted  neutrons and pro tons  when neutrons 

or protons i n  t h e  energy range 25 t o  400 MeV are inc iden t  on a v a r i e t y  

of 

a n a l y t i c  f i ts  t o  t h e s e  in t ranuclear -cascade  d a t a  were given.  I n  t h i s  

r e p o r t  a code, w r i t t e n  i n  FORTRAN I V ,  i s  descr ibed  which i n t e r p o l a t e s  

between these  a n a l y t i c  f i t s  and g ives  c ros s  s e c t i o n s  and p a r t i c l e -  

emission spec t r a  for i nc iden t  p a r t i c l e  energ ies  and t a r g e t  elements 

not given e x p l i c i t l y  i n  3." This code t r e a t s  a l l  i nc iden t  neutron 

and proton ene rg ie s  i n  t h e  range 25 t o  400 MeV and a l l  t a r g e t  n u c l e i  

wi th  atomic weight between 12  and 238. 

between t a r g e t s  wi th  t h e  same atomic weight b u t  d i f f e r e n t  atomic 

numbers; t h a t  i s ,  t h e  approximation i s  made t h a t  t h e  c ross -sec t ion  

and par t ic le -emiss ion  s p e c t r a  a r e  independent of t h e  atomic number 

of t h e  target .  The numerical  d a t a  given i n  3 are inc luded  as per- 

manent da ta  i n  t h e  p re sen t  code, and f o r  t h o s e  i n c i d e n t  p a r t i c l e  

ene rg ie s  (25, 50, 100, 150,  200, 250, 300, 350, and' 400 M e V )  and 

atomic weights (12 ,  16,  27, 52, 65,  100, 140,  184, 207, and 238) 

considered i n  3 t h e  d a t a  suppl ied  by t h e  code are t h e  same as t h o s e  

given i n  3. 

I n  a previous paper3  ( h e r e i n a f t e r  r e f e r r e d  t o  as 3) 

The code does not  d i s t i n g u i s h  

.- 
*The code is  a v a i l a b l e  on reques t  from t h e  Radia t ion  Sh ie ld ing  

Information Center of  t h e  Oak Ridge Nat iona l  Laboratory.  
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n f o r  aiy nucleon-nucleus c o l l i s i o n  i n  t h e  above-mentloned r a g e s ,  t h e  

code i s  capable of supplying 

1. t h e  t o t a l  none la s t i c  cross  s e c t i o n  as a func t ion  of  energy, 

2 .  t h e  cascade neutron- and proton-emission s p e c t r a  i n  t h e  

0 angular  i n t e r v a l s  0-30 , 30-60', 60-90', and 90-180°, 

3. t h e  evaporat ion neutron and proton-emission s p e c t r a  

(assumed i s o t r o p i c  ) , and 

4. t h e  cascade neutron- and proton-emission s p e c t r a  in -  

t e g r a t e d  over a l l  angles .  

I n  a d d i t i o n  t o  numerical  values  f o r  each of t h e s e  q u a n t i t i e s ,  t h e  code a l s o  

g i v e s  t h e  values  of t h e  c o e f f i c i e n t s  which occur i n  an a n a l y t i c  express ion  

f o r  each of  t h e s e  q u a n t i t i e s .  

I n  sec t ion  I1 t h e  method of i n t e r p o l a t i o n  i s  d iscussed .  I n  s e c t i o n  I11 

t h e  opera t ion  of t h e  code i s  descr ibed,  and sample r e s u l t s  are given.  

11. METHOD OF INTERPOLATION 

A.  Nonelast ic  Cross Sect ion  

Except f o r  t r i v i a l  modi f ica t ions , t  t h e  c ross -sec t ion  f i t s  i n  3 

are of t h e  form 

'In 3 t h e  c ros s  s e c t i o n  f i t s  were of t h e  f o r n ,  

The f a c t o r  of be fo re  t h e  exponent ia l  i s  somewhat superf luous and 
h a s  been e l i m i a e d  i n  t h e  code descr ibed h e r e ;  t h a t  i s ,  t h e  co- 
e f f i c i e n t  a i n  t h e  c ross -sec t ion  f i t s  has  been redef ined  t o  conform 
t o  Eq. 1. Also, a c o e f f i c i e n t  which i s ,  however, always zero ,  
has  been included S O  a l l  of t h e  f i t s  have t h e  same number of parameters .  

0 
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A - Ai * 
J J 

a . ( A  ) = a . ( A i )  + 

To o b t a i n  t h e  c ros s  s e c t i o n  as a func t ion  of i n c i d e n t  p a r t i c l e  energy 

f o r  an element of atomic weight A , l i n e a r  i n t e r p o l a t i o n  i n  t h e  loga- 
* 

- a . ( A i ) l  
J J 

r i thm of the  c ross  s e c t i o n  i s  used. Let A. and A be atomic weights 

f o r  which d a t a  a r e  given i n  3 such t h a t  

1 i+l 

* 
Ai 5 A 5 Ai+l - 

Then 

and 

where 

(4) 

* 
The c o e f f i c i e n t s  a . ( A  ) may be c a l c u l a t e d  from Eq.  4, and when t h i s  i s  

done Eq.  3 may be used t o  c a l c u l a t e  t h e  n o n e l a s t i c  c r o s s  s e c t i o n  as a 

func t ion  of i n c i d e n t - p a r t i c l e  energy. 

J 

B. Par t ic le -Eniss ion  Spec t r a  

I n  3 t h e  cascade-part ic le-emission s p e c t r a  i n  va r ious  angular  

reg ions  and i n t e g r a t e d  over  a l l  angles  are expressed i n  t h e  form, 

where 
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E = emitted p a r t i c l e  k i n e t i c  energy,  

A = atomic weight ,  

E = inc ident  p a r t i c l e  energy,  
0 

(A ,E  ) ,EmX(A,E  ) = minimum and maximum energy,  

r e spec t ive ly ,  f o r  which t h e  

f i t s  are v a l i d ,  

E~~~ 0 0 

and t h e  evapora t ion -pa r t i c l e  spec t r a  are expressed i n  t h e  form, 

w i t h  t h e  same n o t a t i o n  as above. I n  t h i s  s e c t i o n  t h e  method of in-  

t e r p o l a t i o n  used t o  f i n d  F and G f o r  va lues  of A and E 

3 ,  i s  descr ibed .  Since t h e  i n t e r p o l a t i o n  t o  f i n d  G and t h e  in te rpo-  

l a t i o n  t o  f i n d  F corresponding t o  a s p e c i f i c  angular  i n t e r v a l  i s  not 

e s s e n t i a l l y  d i f f e r e n t  from t h e  i n t e r p o l a t i o n  t o  f i n d  F corresponding 

t o  i n t e g r a t i o n  over a l l  ang le s ,  only t h i s  l a t t e r  case  w i l l  be  con- 

not  given i n  
0' 

s i d e r e d  e x p l i c i t l y .  For f u t u r e  r e fe rence ,  w e  no te  t h a t  

Number of p a r t i c l e s  emi t ted  at 

a l l  angles = C! ( A , E  ) 
m o  

%*X(A 'Eo F(E,A,E )dE . 
= /  EMIN ( A  , Eo ) 0 

I n  o rde r  t o  c a r r y  through the i n t e r p o l a t i o n ,  it i s  convenient 

t o  change v a r i a b l e s  by means of the  equat ions  

( 7 )  
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so 

n 

n 

and 
t 1 

The func t ion  F(n ,A ,E  ) i s  def ined  on t h e  i n t e r v a l  0 t o  1 for a l l  

va lues  of E 

i s  independent of A and E . 

0 

and EM and has  an i n t e g r a l  over t h i s  i n t e r v a l  which MIN 
I n  terms of TI, Eq. 11 becomes 

0 

where i f  

then  
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bo(A,Eo)  = € 5  a5 + €4 a4 + E 3 a3 + €2 a2 + E a1 + a - l o g  cNUM + log 6 
0 

b,(A,E ) = 5 6 a5 + 4 15 a4 + 3 6 a3  + 2 6 E a2 + 6 a l  
0 

b2(A,Eo) = 10 62 a5 + 6 62 a4 + 3 62 E a + 62 a2 3 

b3(A,Eo) = 10 6 3  a + 4 6 3  E a4 + 6 3  a3 
5 

b4(A,E ) = 5 A 4  E a5 + A 4  a4 
0 

b5(A,E ) = ti5 a5 . 
0 

The i n t e r p o l a t i o n  i s  now carr,d out us i n e a r  nterpo z t  i on n t h e  

logar i thm of F( rl ,A ,Eo) .  
* * 
0 0 

Let E and A be values  of i nc iden t -pa r t i c l e  energy and atomic w e i g h t  

such t h a t  
B 

Eoi 5 Eo I Eoi+l ( 15 )  

and A are  va lues  for which d a t a  a r e  given i n  where Eoi, Ai ,  i+l 

Eq. 6. Then 
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+ 

and 

J j = o  

where 

* *  
C.(A ,E = b.(Ai,Eoi) 

J 0 J 

-b. J 1  (A. ,Eoi+l) 
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* *  
0 

and k X ( A  ,E are obta ined  by l i n e a r  i n t e r p o l a t i o n ,  and t h e  va lue  of 
* *  

(A ,E  ) i s  obta ined  by three-point  Lagrangian i n t e r p o l a t i o n .  With t h e s e  CNUM 

values known, t h e  i n v e r s e  t ransformat ion  (see E q s .  8 and 9 )  g ives  

whe r e  

0 
E U 

NUM 
+ c - l o g  6 + log c 

0 

5 4 a 4 ( A  ,E ) = -5  E - + - * *  
0 

6 5  6 4  

* * c5 
a 5 ( A  ,Eo)  = - . 

6 5  

Equation 20, t o g e t h e r  wi th  t h e  c o e f f i c i e n t s  given i n  Eq. 21, now 

c o n s t i t u t e s  an a n a l y t i c  expression for F ( E , A  ,E ) .  
* *  

0 
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111. CODE OPERATION 

I n  order  t o  opera te  t h e  code, t h e  d a t a  t h a t  must be  s p e c i f i e d  

are : 

NCAS = number of cases  

AW = atomic weight of t a r g e t  element 

EZ = E = i nc iden t  p a r t i c l e  k i n e t i c  energy 
0 

IP  = index spec i fy ing  t h e  type  of inc iden t  p a r t i c l e  (1 for 

i n c i d e n t  p ro tons ,  2 for i n c i d e n t  neut rons)  

I M  = index spec i fy ing  t h e  t y p e  of emergent p a r t i c l e  (1 for 

emergent p ro tons ,  2 for emergent neu t rons )  

ITYP = index spec i fy ing  t h e  type  of d a t a  d e s i r e d  (1 f o r  cascade 

s p e c t r a ,  2 for evaporat ion s p e c t r a ,  and 3 for t h e  non- 

e l a s t i c  c r o s s  s e c t i o n ) .  

IANG = index  specif 'ying t h e  angular  i n t e r v a l  d e s i r e d .  

(1 = 0-30°, 2 = 3O-6oo, 3 = 60-90', 4 = 90-180°, 

and 5 = 0-180 . )  

i s o t r o p i c  so f o r  ITYP = 2 only  IANG = 5 i s  al lowed.)  

0 (Evaporation s p e c t r a  are assumed t o  be  

E1,E2 = minimum and maximum values  of t h e  energy at which t h e  

c r o s s  s e c t i o n  i s  des i r ed .  These q u a n t i t i e s  are used 

only when ITYP = 3; when ITYP # 3 t h e  va lues  of El and 

E2 are not  used. 

E2 must always be 5 400 MeV. 

E l  must always be 2 2 j  MeV and 

NE = number of energy p o i n t s  i n  p r i n t e d  out  s p e c t r a  or 

c r o s s  s e c t i o n  (must be 2 or g r e a t e r ) .  
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A case  i s  def ined  t o  be a s p e c i f i c a t i o n  of a s i n g l e  va lue  f o r  each of 

t h e  l as t  n ine  variables l i s t e d  above. The f i r s t  d a t a  ca rd  must con ta in  t h e  

number of  cases ,  NCAS, i n  a format I 5  and f o r  each case  t h e r e  must be a 

d a t a  ca rd  spec i fy ing  t h e  n ine  va r i ab le s  i n  t h e  o rde r  l i s t e d  above wi th  a 

format (2F10.2, 415, 2F10.2,15).  

va lues  of I A N G  and I M  are not  requi red  and t h e  p l a c e  f o r  t h e s e  v a r i a b l e s  

on t h e  d a t a  card  should be  b lank .  I n  t h e  case  of emission s p e c t r a ,  values  

of E l  and E2  are not  r equ i r ed  and t h e  p l ace  f o r  these v a r i a b l e s  on t h e  d a t a  

ca rd  should be b lank .  I n  addi t ion  t o  t h e s e  inpu t  d a t a ,  t h e  code a l s o  re- 

q u i r e s  permanent d a t a  which are s tored  on t a p e  and a r e  r e f e r r e d  t o  as 

l o g i c a l  8 i n  t h e  source deck. 

I n  t h e  case  of t h e  c r o s s  s e c t i o n  ITYP = 3,  

A s  an example, Table 1 shows t h e  d a t a  cards  needed t o  o b t a i n  a l l  a v a i l -  

a b l e  d a t a  from 375-MeV protons inc ident  on i r o n .  

and t h e  information reques ted  by d a t a  cards  2 t o  1 4  i s :  

There a r e  t h i r t e e n  cases ,  

2. 

3 .  

4 .  

5 .  

6. 

7. 

none la s t i c  c ross  sec t ion  between 25 and 400 MeV 

cascade proton-emission spectrum i n  t h e  angular  i n t e r v a l  

0 t o  30' 

cascade proton-emission spectrum i n  t h e  angular  i n t e r v a l  

30' t o  60' 

cascade proton-emission spectrum i n  t h e  angular  i n t e r v a l  

60' t o  90' 

cascade proton-emission spectrum i n  t h e  angular  i n t e r v a l  

90' t o  180' 

cascade proton-emission spectrum i n  t h e  angular  i n t e r v a l  

0 t o  180' 



8. 

9 .  

10. 

11. 

12. 

13. 

14. 

12 

cascade neutron-emission spectrum in the angular interval 

0 to 30' 

cascade neutron-emission spectrum in the angular interval 

30' to 60' 

cascade neutron-emission spectrum in the angular interval 

60° to 90' 

cascade neutron emission spectrum in the angular interval 

90' to 180' 

cascade neutron-emission spectrum in the angular interval 

0 to 180' 

evaporation prot on-emission spectrum 

evaporation neutron-emission spectrum. 

The output for each of these 13 cases is shown in Tables 2 through 

At the top of each table the input data are given. 14. 

values of EMIN, EMAX, and the coefficients to be used in the analytic 

expressions ( E q s .  1, 5, or 6) are printed. The analytic expressions 

are valid only for EMIN I E I EMAX and should not be used outside of 

this range. In the case of emission spectra, EMIN and E M  are cal- 

culated for each case, but in the case of the nonelastic cross section 

EMIN is always 25 MeV and EMAX is always 400 MeV. Below the coeffi- 

cients the cross section or the emission spectrum is printed as a 

function of energy for the number of energy points specified by NE. 

should be carefully noted that for IANG = 1, 2, 3, or 4 the coefficients 

are defined so that the analytic expression gives the energy spectra 

averaged over the angular interval, while for IANG = 5 the coefficients 

are defined so that the analytic expression gives the energy spectra 

Below this, the 

It 
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i n t e g r a t e d  over a l l  angles .  F ina l ly ,  below t h e  emission s p e c t r a  t h e  code 

p r i n t s  CNUM and EOUT/EO define?.  by 

EMAX 
CNUM = 2 n ( ~ o s e ~ - c o s f 3 ~ )  1 F ( E )  dE 

E M I N  

EMAX EOUT 1 - -  - - I F ( E ) E  dE 
Eo Eo EMIN 

EMAX 
CNUM = I F ( E )  dE 

E M I N  

EMAX EOUT 1 - -  - - I F ( E ) E  dE 
Eo Eo E M I N  

EMAX 
CNUM = I G ( E )  dE 

E M I N  

EMAX 
G ( E ) E  dE  - -  - I  EOUT 

P A  

ITYP = 1 

IANG = 1,2,3,4 

ITYP = 1 

IANG = 5 

ITYP = 2 

I A N G  = 5 

E M I N  ULJ 

I n  a f e w  in s t ances  i n  3,  it was found t h a t  t h e  in t ranuclear -cascade  

d a t a  were t o o  meager t o  be f i t t e d .  

t i o n  formulas t o  produce a requested set  of d a t a  involve  t h e  use of t h e s e  

u n f i t t e d  d a t a ,  t h e  e r r o r  message "Sorry but  we are unable t o  f i t  t h i s  in-  

t e r v a l "  i s  p r i n t e d  and t h e  code proceeds t o  t h e  next  ca se .  

I n  t h e  p re sen t  code when t h e  in t e rpo la -  
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